Background. To understand regional burdens and inform delivery of health services, we conducted a systematic review and meta-analysis to evaluate the effect of antiretroviral therapy (ART) on incidence of key opportunistic infections (OIs) in human immunodeficiency virus (HIV)-infected adults in low-and middle-income countries (LMICs).
The impact of the introduction of highly active antiretroviral therapy (ART) on the incidence and mortality of human immunodeficiency virus (HIV)-associated opportunistic infections (OIs) has been well documented in high-income countries (HICs). This improved survival has been associated with a progressive shift in the pattern of comorbidities, with an increasing contribution of chronic liver disease due to hepatitis C and B, cardiovascular disease, and non-AIDS malignancies [1] [2] [3] [4] .
In low-and middle-income countries (LMICs), the global rollout of ART has led to >15 million patients on ART, and a decline in HIV-related deaths by 40% since 2004 [5, 6] . OIs remain the major driver of HIV-associated morbidity and mortality, accounting for the substantially higher mortality observed in LMICs [7] , but the ART impact on specific OIs has not been well documented, mainly because there is no routine countrylevel monitoring for OIs.
Reliable data on the relative burden of different OIs before and after ART initiation in different geographic regions is critical for planning of health services, including procurement of relevant drugs and diagnostics. The few previous reviews on OI incidence either preceded the global scale-up of ART or addressed only specific OIs or regions [8, 9] . We have undertaken a comprehensive systematic review and meta-analysis to estimate the incidence of key OIs in HIV-infected adults before and after the introduction of ART in LMICs across 3 regions (sub-Saharan Africa, Asia, and Latin America and the Caribbean), and to evaluate the magnitude of effect of ART on the incidence of these OIs during and after the first year of treatment.
METHODS

Search Strategy and Selection Criteria
A systematic review of the literature was performed using Medline, Embase, Cumulative Index to Nursing and Allied Health Literature, Latin American and Caribbean Health Sciences Literature, Global Health, CAB Abstracts, Web of Science, and the Cochrane Library of Systematic Reviews from January 1990 to 21 November 2013, and conference proceedings (Conferences on Retroviruses and Opportunistic Infections, Google, and Web of Science) from 1997 to 2010, published in English, Spanish, French, and Portuguese. The gray literature was searched using Google Scholar and key sources such as the World Health Organization (WHO) website. Eligible studies documented the incidence of 16 OIs and coinfections among HIV type 1-infected adults (aged ≥18 years) in LMICs, as defined by the 2009 World Bank classification [10] . Our search was conducted according to Meta-analysis of Observational Studies in Epidemiology and Preferred Reporting Items for Systematic Reviews and Meta-analyses guidelines and is reported in Supplementary Appendix 1 [11, 12] . Key OIs included cryptococcal meningitis, Pneumocystis pneumonia (PCP), oral and esophageal candidiasis, cerebral toxoplasmosis, cryptosporidial diarrhea, genital ulcer disease (GUD) attributed to herpes simplex virus, herpes zoster, Kaposi sarcoma, cytomegalovirus retinitis, bacterial infections ( pneumonia, enteritis, and bacteremia), and Mycobacterium tuberculosis (hereafter "tuberculosis"). Tuberculosis was classified as unspecified forms where data was only provided on the incidence of "tuberculosis," and pulmonary tuberculosis (PTB) and extrapulmonary tuberculosis (EPTB), where these forms were specified. Criteria for OI diagnoses are described in Supplementary Appendix 2.
Eligible studies of incidence included prospective and retrospective observational cohort studies, and randomized controlled trials (RCTs). Where the RCT involved evaluation of a treatment for the OI under study, only data from the placebo arm were used.
All titles and abstracts were screened by independent reviewers (A. L. and G. G.) to identify potentially relevant articles. The full articles were eligible if they provided data from which a cumulative incident risk for individual OIs could be calculated. We excluded studies that included pregnant women or children, where the majority of patients had HIV type 2, were based on preselected populations such as those with a diagnosis of meningitis or pneumonia, or those with no reliable denominator. Studies where only repeated measures were reported and the incident risk of the first event could not be calculated were excluded. Where there were multiple reports from 1 cohort, we selected the most recent report with the longest follow-up. Data extracted for each study included study design, duration of follow-up, ART status, use of cotrimoxazole (CTX) prophylaxis, baseline CD4 counts, and diagnostic methods (Supplementary Appendix 2).
Study Definitions
ART status was categorized as either "ART naive" (including studies with <10% of patients on ART, or when conducted prior to the availability of ART), or "ART exposed" (including studies with ≥80% of patients on ART). We excluded studies where the proportion on ART was ≥10% and <80%, or where data on ART use were not provided. To determine the relative impact of ART at lower CD4 counts when there is an increased risk of IRIS, the ART-exposed category was further stratified according to duration of time on ART: during the first year on ART, after the first year of ART, and during an unspecified time on ART where it spanned both periods or was not stated. Multiple estimates were extracted from articles if results were stratified according to ART status. Where incidence was provided according to different CD4 count strata, an overall estimate of incidence was presented based on the mean or median CD4 count of the population.
Statistical Analyses
Since few studies reported incidence rates using person-years at risk, we calculated a cumulative incident risk of developing a specific OI (termed "risk" hereafter) for each study, defined as the cumulative number of new cases during follow-up divided by the number of persons at risk, and presented this as a percentage. Ninety-five percent confidence intervals (95% CIs) were extracted from the article, or calculated from raw data if not reported.
To estimate summary risks for each OI across studies, the variances of raw percentages were stabilized using TukeyFreeman arcsine square root transformation [13] . Summary risks were generated using random-effects meta-analysis to adjust for high between-study variability. Between-study heterogeneity was evaluated using I 2 and the P value for heterogeneity (Cochran Q statistic) [14] . Meta-analyses were performed using R software version 2.13.1. For OIs with data from ≥15 studies, we performed meta-regression analyses to calculate an adjusted odds ratio (aOR) and estimate the effect of each ART category on risk. The summary risks were transformed using empirical logistic transformation and univariable meta-regression was performed. ART categories with <3 studies were not included in the meta-regression. In addition, we used meta-regression to explore potential sources of heterogeneity, including region, duration of time on ART, use of CTX prophylaxis, baseline CD4 count, method of OI diagnosis, and duration of follow-up. Univariable and multivariable meta-regression analyses were performed: time on ART, median follow-up time, and region were included a priori in multivariable models, and any variables from the univariable analysis with a P value P ≤ .20. Those variables that remained significant with a P ≤ .05 were retained in the final model. Meta-regression was performed using Stata software version 13. Meta-regression was also used to compare regional incidence of OIs across ART categories, for OIs for which there was at least 1 study per region, in the same manner as for the ART analysis.
OI Cases Averted by the Use of ART
The estimated number of HIV-infected adults with CD4 counts <200 cells/µL for 156 LMICs were obtained from 2013 Joint United Nations Programme on HIV/AIDS (UN-AIDS) country estimates [15] [16] [17] . The number of OI cases averted through use of ART for the year 2013 was calculated by applying the difference in estimates of OI risk in ARTnaive participants and in those during their first year of ART to the estimated population with a CD4 count ≤200 cells/µL, for each region. The annual savings per OI averted were calculated for OIs where there was some evidence from the meta-analysis of an effect of ART (P < .20), and where there was data available for an average treatment cost per case [18] , by multiplying the number of OI cases averted by the treatment cost per case. Uncertainty ranges were estimated from 1000 Monte Carlo draws of the difference in estimates of risk, assuming a normal distribution.
RESULTS
The search strategy identified 6816 journal citations and 1025 conference abstracts; 952 full text reports were screened and 126 studies met the inclusion criteria (122 full-text articles and 4 conference abstracts; Figure 1 ). There were 67 studies describing the incidence of 12 OIs, and 94 studies for the different types of tuberculosis; 28 studies describing cytomegalovirus were excluded due to widely varying case definitions. Table 1 summarizes characteristics of included studies, which described data from 89 cohorts or trials in 38 countries; 85 (67%) studies were from sub-Saharan Africa (Figure 2 Figure 3A ). There were some differences in incidence across the regions based on a comparison of the 11 OIs and coinfections for which there was at least 1 study per region (see Supplementary Appendix 3 and
Supplementary Figure 1A -O for region-specific incidence and 95% CI (Table 2 and Figure 3B ). Meta-regression analysis found that the greatest effect of ART was seen during the first year of treatment, and ranged from a 57%-91% reduction. There were few studies providing information on risk after the first year of ART except for unspecified tuberculosis and PTB. The magnitude of effect of ART during the first year was greatest for oral candidiasis (aOR, 0. showed a reduction in incidence for each OI, although this was less marked than during the first year of ART.
In the meta-regression analysis of the effect of region on incidence (Supplementary Appendix 3 and Supplementary  Table 1 ), compared with sub-Saharan Africa, there was an Abbreviations: ART, antiretroviral therapy; CI, confidence interval; GUD, genital ulcer disease; NA, numbers insufficient to perform analysis. a Reference is naive population, adjusted for region, ART status, and median follow-up time.
b Determined by random-effects logistic meta-regression; ART categories with ≤3 studies were not included in the meta-regression analysis. . There were no significant regional differences for oral or esophageal candidiasis, herpes zoster, or GUD.
There was between-study heterogeneity in incidence of OIs across studies and regions, and the most important sources of heterogeneity were baseline CD4 count for cryptococcal meningitis (I 2 = 56.4% for CD4 counts 200-499 cells/µL) and oral candidiasis (I 2 = 54.9% for unspecified CD4 count), but no factor was identified that predominately explained the source of this heterogeneity. The use of CTX prophylaxis did not explain the heterogeneity in incidence of PCP or toxoplasmosis, where estimates of I 2 were high for all categories of CTX exposure.
Global Impact of ART Use on OIs Averted and Cost Savings
The use of ART before a decline in CD4 count to <200 cells/ µL was estimated to have averted 857 828 OI cases (95% CI, 828 032-874 853) in 2013 ( 
DISCUSSION
This systematic review and meta-analysis is the most comprehensive assessment of the global and regional incidence and effect of ART for 15 OIs, based on an analysis of almost 500 000 HIV-infected adults. Overall, there was a substantial reduction in risk during the first year of ART, ranging from 57% to 91%, which was greatest for oral candidiasis, toxoplasmosis, and PCP. The magnitude of effect of ART is more pronounced than that observed in HICs, which is consistent with evidence that levels of treatment adherence and immune recovery in LMICs are comparable to those in HICs [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
A similar reduction in incidence of OIs has been observed in a companion meta-analysis of children in LMICs [29] , although the incidence of bacterial pneumonia was substantially higher in children, whereas herpes zoster was more frequent in ART-naive adults. We had insufficient studies for a robust analysis of the effect of ART on bacterial infections, but showed some effect of ART on bacterial pneumonia. Data from other studies show that the Cases averted were calculated using Joint United Nations Programme on HIV/AIDS country estimates of the population in each region with a CD4 count <200 cells/µL in 2013, for opportunistic infections (OIs) with a P < .20 for evidence of an effect of antiretroviral therapy (ART). Uncertainty ranges were estimated from 1000 Monte Carlo draws of the difference in estimates of risk between early ART and ART-naive populations, assuming a normal distribution. The total for all opportunistic infections (OIs) is the median of the sum of 1000 random draws for each OI, and therefore differs from the sum of the medians of number of cases averted by region.
Abbreviations: CI, confidence interval; LAC, Latin America and the Caribbean.
a Global costs per case were not available for cerebral toxoplasmosis.
level of immune suppression has little effect on the acquisition of bacterial infections [30, 31] . Overall, it is likely that some of the reduction in risk with ART was due to increasing CTX chemoprophylaxis [26] . This highlights the importance of providing CTX to all HIV-infected adults and children in LMICs. There were few studies providing data on longer-term effects of ART, other than for unspecified tuberculosis and PTB. The effect of ART was greater after 1 year, and is consistent with other studies showing a progressive time-dependent reduction in risk over the first 2-3 years of ART [32, 33] . This can be explained by the occurrence of tuberculosis across a wide range of CD4 counts, with less of a protective effect of early immune restoration, and because of the significant rate of unmasking immune reconstitution inflammatory syndrome (IRIS) in the first months after ART initiation. It is likely that further stratification within the first year of therapy would have revealed variations in the effect of ART for all OIs, with an increase in diagnoses seen in the first 3 months and then a gradual decline in incidence. This could explain why duration of follow-up did not seem to impact study heterogeneity, as most cases occur early during ART.
We were limited in our ability to draw definitive conclusions on the importance of regional differences, due to some imprecision in the estimates, as well as variability in diagnostic methods and inconsistency in ascertainment of cases. The low incidence of PCP and other OIs in sub-Saharan Africa may be attributable to limited diagnostic resources and capacity, rather than true lower endemicity [34] , and is supported by the lack of regional variation in those OIs that are predominantly diagnosed clinically.
Our analyses also provide a valuable approximation of number of OIs averted, and potential cost savings of $47 million per annum, from initiating ART before the CD4 count declines to <200 cells/µL. These estimates likely underestimate the full savings as they do not capture variation in treatment costs across different countries or include the diagnostic costs. Although the costs of ART tend to be higher than the costs of treating OIs, the savings from averting these OIs are a substantial additional benefit of ART.
As with other meta-analyses of observational studies, there was high heterogeneity due to inclusion of diverse populations with varying times of follow-up, variability in reporting of CTX, ART regimen, and duration of ART, and lack of data on important confounders such as baseline CD4 count. Few studies distinguished between presumptive and conclusive OI diagnoses. There were also significant gaps in data from regions such as Latin America, a predominance of data from sub-Saharan Africa, and large cohorts in Uganda, Cote D'Ivoire, and South Africa, and from older cohorts with more advanced immunodeficiency at ART initiation, which precluded an evaluation of the impact of initiating ART at higher CD4 counts.
In conclusion, the profound effect of ART on the incidence of most HIV-related OIs is the key reason for the observed global decline in HIV-related mortality, and highlights the continued priority of expanding ART access. It is estimated that expanding ART access to all people living with HIV will avert 21 million AIDS-related deaths by 2030. The WHO now recommends ART for all HIV-infected persons [35] , based on the Strategic Timing of Antiretroviral Treatment and Trial of Early Antiretrovirals and Isoniazid Preventive Therapy in Africa trials findings of a major reduction in AIDS and non-AIDS-related morbidity and mortality with ART initiation at a CD4 count >500 cells/µL [36, 37] , as well as evidence of a marked impact on HIV transmission [32] . A significant proportion of HIV-infected persons continue to present with advanced disease, and so other measures to reduce mortality remain important. This includes prompt initiation of CTX prophylaxis, screening for tuberculosis and cryptococcal disease, and use of isoniazid and fluconazole chemoprophylaxis in those with advanced disease.
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